The response and recovery mechanisms of forests to damage from freezing rain and snow events are a key topic in forest research and management. However, the relationship between the degree of damage and tree age, i.e., whether seedlings, young trees, or adult trees are most vulnerable, remains unclear and is rarely reported. We investigated the effect of tree age on the degrees of vegetation damage and subsequent recovery in three subtropical forest types-coniferous, mixed, and broad-leaved -in the Tianjing Mountains, South China, after a series of rare icy rain and freezing snow events in 2008. The results showed that damage and recovery rates were both dependent on tree age, with the proportion of damaged vegetation increasing with age (estimated by diameter at breast height, DBH) in all three forest types and gradually plateauing. Significant variation occurred among forest types. Young trees in the coniferous forest were more vulnerable than those in the broad-leaved forest. The type of damage also varied with tree age in different ways in the three forest types. The proportion of young seedlings that were uprooted (the most severe type of damage) was highest in the coniferous forest. In the mixed forest, young trees were significantly more likely to be uprooted than seedlings and adult trees, while in the broad-leaved forest, the proportion of uprooted adult trees was significantly higher than that of seedlings and young trees. There were also differences among forest types in how tree age affected damage recovery. In the coniferous forest, the recovery rate of trees with broken trunks or crowns (DBH > 2.5 cm) increased with tree age. However, in the mixed and broad-leaved forests, no obvious correlation between the recovery rate of trees with broken trunks or crowns and tree age was observed. Trees with severe root damage did not recover; they were uprooted and died. In these forests, vegetation damage and recovery showed tree age dependencies, which varied with tree shape, forest type, and damage type. Understanding this dependency will guide restoration after freezing rain and snow disturbances. freezing rain and snow, tree age, damage, restoration, subtropical forest
A fundamental question in vegetation science is how different trees, especially those of different ages, respond to damage from extreme events such as ice storms, blizzards, hurricanes, and other natural disasters [1] . Ice storms destroy vegetation because the freezing rain covers plants with heavy ice, then the branches, upper trunk, or even the whole tree break from the weight. Because they usually develop from cold weather systems and rarely affect subtropical areas, previous studies mainly focused on temperate and cold zones, such as Northern Europe, Central Europe, and Northern and Southeastern America [2] [3] [4] . However, information on ice damage in subtropical forests is still sparse [5] . A major ice storm in January and February, 2008, in South China provided an opportunity to study the effects of a rare, intense disturbance on the structure of a subtropical forest [6] .
Many studies have examined the relationship between tree age and damage incurred from ice storms, but no uniform conclusions have been drawn. Some studies showed that old trees suffered greater damage than younger ones, because the taller canopy trees intercepted more freezing rain on their larger crowns, accumulating more weight [7, 8] . The resistance of Pinus taiwanensis to ice and snow damage depended on tree size. Trees with greater diameter at breast height (DBH) were susceptible to limb and crown breakage [9] . Stunted trees tended to show mild damage [13] . Nevertheless, other studies have indicated that larger and older trees could have more structural rigidity and hence stronger resistance to ice damage [10] . For instance, Cunninghamia lanceolata trees with smaller DBH were more likely to suffer uprooting and freezing death, while those with greater DBH were more likely to experience crown and trunk breakage [11, 12] . Some models predict severe trunk breakage in smaller diameter trees and increasing probability of crown damage as size increases in Tsuga canadensis forests and northern hardwoods [14] . After an ice storm, smaller pines had a much higher death rate than larger ones in Virginia, USA [14] . The proportion of damaged trees decreased with DBH in Wuzhishan, Hainan Province, in the Nanling Mountains of South China after an ice storm [15] . In a final example, middle age trees (1020 cm DBH) had higher probabilities of bent boles or branches, main stem breakage, or uprooting [14, 16] . Thus, no general conclusions can be drawn about ice storm damage as a function of forest age.
Forest type is also closely related to the degree of injury. Mixed forests were more susceptible to ice storms than single-species forests [17] . The ability to resist natural disasters of pure forest is weak relatively, such as a pure Masson's pine, including Larix olgensis, Cunninghamia lanceolata, Cryptomeria fortunei, Dahurian larch and so on [18] . Additionally, artificial forests were more susceptible to ice storms than natural forests [19, 20] , because natural forests have a relatively stabilized structure that allows them to survive natural disasters better [2023] . Because of their large crowns, broad-leaved species generally suffer more damage than do conifers, and deciduous trees are more resistant to storms than coniferous ones [23] . These observations imply that forest resistance to ice storms varies with species composition and stand structure [11, 24] .
Most research efforts undertaken after ice storms aimed to evaluate storm severity and management practices [25] , mainly with respect to vegetation restoration, community diversity, and plant modification [26, 27] . Post-disaster studies have mainly focused on the improvement of soil fertility or ways to manage litter [15] . Some articles have discussed management strategies for recovery [5] . Despite the importance of tree regeneration and forest dynamics in forest management, only a few studies have characterized the growth of damaged trees after ice storms [28, 29] . In general, most injured trees recovered naturally, and recovery rate correlated with location and degree of damage. Tree species is one of the most significant factors influencing recovery [16, 30, 31] . Recovery also depends on the type of damage, with trees suffering crown breaks being more apt to resprout and survive [30] . Another study showed that the higher the damage ratio, the better the recovery rate [15] . Although many studies have analyzed how ice storm damage affects forests [11, 12] , little research has examined recovery in light of tree age.
The mechanisms by which trees respond to ice storm damage and then recover is a key topic in forest research and management. However, there are no general conclusions about the relationship between damage and forest age, and little research has addressed recovery in the context of forest age. Subtropical forests in southern China are the most typical such forests in the world [32] , but only a few studies have examined ice storms there. The objective of this research was to compare the effects of an ice storm on different forests and discuss how damage and recovery were affected by tree age. The findings will improve the management of forest structure and function to enhance forest resistance to extreme climate events. To estimate the impact of the 2008 ice storm comprehensively, we investigated three types of representative forest for Mount Tianjing, i.e., coniferous, mixed, and evergreen broad-leaved forests. In each forest type, we established twelve 10 × 10 m plots. The coniferous forests are dominated by Cunninghamia lanceolata; the mixed forests by C. lanceolata, Machilus chinensis, Elaeocarpus japonicus, and Castanopsis fabri; and the broad-leaved evergreen forests by M. chinensis, C. fabri, Diospyros morrisiana, Helicia reticulata, and E. japonicus (Table 1) . Figure 1 Location of the study area and sampling sites (Tianjing Mountain Forest Park, Shaoguan City, Guangdong Province, China).
Damage rates
Sampling took place in April, 2009. All trees with heights 1.3 m and ground cover plants inside the plots was measured, including those trees killed or damaged by the ice storm. Because the stands were young, we grouped the trees into three categories: seedlings (<2.5 cm DBH), small trees (2.57.5 cm DBH), and big trees (>7.5 cm DBH) [33] . Five damage types were identified: uprooting (including death), crown breakage, trunk breakage, trunk bending, and undamaged [2, 14] . The damage rate was defined as the number of damaged stems to the total number of stems within the same diameter class and plot.
Recovery rates
All trees were recorded and numbered in April, 2009. Measurements taken for each tree included DBH, total height, crown class, and viability. Forest recovery was assessed by assigning one of four visually-assessed damage classes to each tree: 0 = no recovery (no sprouting, or lodging with death or near death); 1 = very slow recovery (a few sprouts); 2 = slow recovery (several sprouzts but no DBH growth); 3 = moderate recovery (many sprouts, and good crown and trunk growth) [15] . The recovery rate (%) was calculated as (number of recovered stems)/ (number of damaged stems).
One-way analysis of variance (ANOVA) was used to compare the damage and recovery rates (arcsine square-root transformed) of different forest types and age classes using SPSS v.17 for Windows (IBM, Chicago, IL, USA).
Results

Forest type and tree age dependency
The proportions of damaged vegetation in the three forest types all increased with tree age and gradually stabilized after reaching a threshold DBH. A common characteristic is that the damage rate was 100% (DBH > 10 cm) in all three forest types. Tree damage from the ice storm differed among age classes and forest types (Figure 2 ). In the coniferous forest, the damage rate did not differ significantly among age classes, however, seedlings in the mixed and broad-leaved forests had significantly lower damage rates than did small and big trees. Big trees suffered the highest damage rates in all three forest types, and the difference was significant except in the coniferous forest (Figure 2 ). This observation indicates that big trees are more susceptible to damage from ice storms in subtropical forests.
Damage type and tree age dependency
In the coniferous forest, most of the damage was crown breakage, followed by trunk bending. In the mixed and broad-leaved forests, trunk breakage accounted for the largest percentage of damage, followed by crown breakage. The damage rates of the five damage categories were compared among the three forest types; only crown damage differed significantly between the coniferous forest and the other two types of forest (Figure 3) .
With respect to damage type, the effect of tree age varied with forest type. The proportion of young seedlings in co- niferous forest that were damaged by uprooting (the most severe type of damage) was highest. In the mixed forest, a significantly higher proportion of young trees were uprooted than seedlings and adult trees. However, in the broadleaved forest, the proportion of uprooted adult trees was significantly higher than those of seedlings and young trees. There were significant differences in the stem breakage rate among age classes in the mixed and broad-leaved forests. Trees suffered a higher rate of stem breakage as age class increased. However, there were no significant differences in mortality among three forest types. In the mixed forest, small trees had a significantly higher rate of being uprooted than seedlings and big trees. In the broad-leaved forest, small trees showed a significantly higher rate of bole bending than seedlings and big trees, while crown damage and uprooting both increased in damage rate with higher age class. Mortality was not significantly different among the three age classes in any of the forest types (Figure 4 ).
Recovery and tree age dependency
There was difference in the tree age dependency of damage recovery among forest types ( Figure 5 ). The recovery rate of trees in coniferous forest with trunk or crown breakage (DBH > 2.5 cm) increased tree age. However, in mixed and broad-leaved forests, the recovery rate of such trees fluctuated with tree age. The recovery rate small trees (DBH < 5 cm) in the mixed and broad-leaved forests were significantly higher than for the same DBH trees in the coniferous forest.
The tree age dependency of recovery also varied with forest type. In coniferous forest, the recovery rate of trees with trunk or crown breakage increased with tree age (Figure 6A) . Neither an obvious increase nor a decrease was observed in mixed and broad-leaved forests ( Figure 6B,C) . Trees with severe root damage had zero recovery rates; they were uprooted and died. Trees with trunk bending had a 100% recovery rate. Overall, there were correlations between vegetation damage or recovery and tree age that were determined by several factors, including forest type, tree shape, and damage type.
Discussion
Influence of forest type and tree shape
Older trees had wider crowns as DBH increased. Therefore, the crown experienced heavier ice and snow loads, and the tree was more likely to suffer crown damage [13, 34, 35] . Other studies have indicated otherwise: older trees have thicker trunks and thus more resistance and better growth [3] . Our results showed that the proportion of damaged trees in the three forest types clearly depended on tree age. With an increase in DBH, a larger proportion of trees were damaged. In fact, there were few mature trees (diameter > 22.5 cm) in the study area; the big trees were middle-aged. Compared with some mature forests, plantation trees with larger DBHs are only intermediate in age (in a broad sense). Earlier studies suggested that intermediate-aged trees were more vulnerable [3638]. An ice event in Canada and the northeastern United States in 1998 directly caused a large number of broken trunks and considerable uprooting of intermediate-aged loblolly pine, while only a few adult trees suffered broken crowns [5] . Adult trees with larger crowns, especially broad-leaved trees, accumulated more snow and ice and consequently broke more easily in the crowns [3, 40] . However, young trees were only slightly damaged, because they were protected by the taller adult trees [39] . Our results indicated that the degree of damage depended on tree age, similar to observations in Alaska. Large trees were vulnerable to damage, with more crown and trunk damage as DBH increased, and young trees were more resistant to damage because they were sheltered by large trees. If the adult trees were not dense enough to provide protection, the young trees would be vulnerable to damage.
Tree shape also affected the degree of tree damage. Cone-shaped trees suffered the most severe damage from freezing rain and snow in this study, as shown by the results in the coniferous forest. Compared with trees with smaller DBH, larger Chinese firs were less cone-shaped. When the taper ratio was smaller than 1:90, the trees were more likely to suffer damage. In our study, when the taper ratio of Chinese fir was 1:100 [36, 41] , the trunk tended to gather more snow than did crowns that were more cone-shaped and the tree suffered more damage. Another risk factor was excessive tree height [4244]. The results clearly indicate that the effect of tree age on the degree of damage varied with forest type and tree shape, which likely explains much of the diverse conclusions reported in different studies on the same topic.
Type of damage and tree age dependency
Damage generally was classified as broken crowns and broken trunks. For all three forest types, crown breakage was dependent on tree age, with a larger proportion of trees being damaged at larger DBH. This finding might be explained by the rarity of freezing rain and snow events in South China. In North America and Europe, these events are associated with high wind speeds [45, 46] , which increase the event-related loss and risk [10, 47, 48] , resulting in uprooted trees and broken trunks and crowns. In China, the wind speed during freezing rain and snow events is usually low and humidity is high [49] . Clearing the cover of snow and ice on the top of the crowns is more difficult [46, 50, 51] . As a consequence, the tree trunks and crowns often break, especially when DBH is larger and more snow and ice accumulate on the tree.
The occurrence of uprooting differed among the forest types. The seedlings in the coniferous forest comprised the largest proportion of uprooted trees in our study. Within the mixed forest, young trees were most likely to be uprooted, while in the broad-leaved forest, adult trees constituted the largest proportion of uprooted trees. In the coniferous forest, the young trees uprooted easily because they lack protection by large trees. The mixed forest was more species rich, and the upper layer of vegetation protected the seedlings below, so few seedlings were uprooted. The trees with large DBH were mostly Chinese fir. These trees experienced a high degree of damage to crowns and trunks, and young trees were uprooted because they had weak roots. Broad-leaved forests have a varied community structure. The large trees uprooted easily, but the young trees in the lower layer were protected by the dense crowns above. Our analysis indicated that the dependency of damage level on age was also associated with the type of damage. Large trees were more susceptible to certain types of damage, while young trees were more vulnerable to other types.
Age dependency and tree recovery
After freezing rain and snow events, natural regrowth is the main method of forest restoration. Post-event forest restoration is closely associated with forest type, tree species, and vegetation size [5256]. Our study showed that the recovery rate of damaged trees in the coniferous forest gradually increased with DBH; large trees had a significantly higher recovery rate than small trees. The recovery of damaged trees in the coniferous forest also showed an obvious age dependency, while that in the mixed and broad-leaved forests exhibited no apparent age dependency. The recovery rate of young trees (DBH < 2.5 cm) was the highest across all three forest types in the early restoration stage, because damaged canopy of taller trees may allow more understory light to promote the rapid growth of the young trees. Although young trees generally have a high recovery rate, the large amount of understory litter created by severe weather events may affect their regeneration [30] . Over the long term, crown damage can lead to changes in understory light, moisture, temperature, and soil fertility, facilitating the invasion of heliophilic, pioneer plants that can replace the existing shade-tolerant tree species. As a consequence, community structure is greatly altered. Thus, natural regeneration should be supplemented with artificial methods to promote forest health.
The restoration of forests following freezing rain and snow events is related to the type and degree of damage [45, 57] . Generally speaking, bent trees recover most easily, while trees with damaged roots are most likely to die [58] . Our study showed that bent trees accounted for the smallest proportion of damage, and their recovery rate was as high as 100%, while that of the uprooted trees was zero. We found that the recovery rate of the crown in the broad-leaved forest was the highest, and the coniferous and mixed forests did not differ significantly in this aspect. Disturbance of the crown is believed to be important for maintaining species richness and diversity in the forest [14, 29, 44] .
Studying the age dependency of natural tree regeneration is crucial, as it provides both a better understanding of the natural regenerative process of damaged trees as well as the scientific basis for artificial restoration measures. The recovery rate of damaged trees in the coniferous forest gradually increased with DBH, with a significant difference between the large and small trees and an obvious age dependency. The recovery rates of damaged trees in the mixed and broad-leaved forests showed no obvious age dependency. Because the recovery rate of the small trees was low in the coniferous forest, biodiversity in this type of forest cannot be restored in the short term; management with an appropriate mix of artificially-planted small and natural large trees should be considered to compensate for the low recovery rate of small trees. The damaged crowns in the broad-leaved forest had a high recovery rate, with no obvious age dependency. Both the small and large trees in the broad-leaved forest could recover naturally. Therefore, measures to restore biodiversity and promote community resistance should be implemented.
In addition to the regenerative ability of damaged trees, habitat is also an important consideration in forest restoration. Changes in the existing habitat caused by disturbance will affect the regrowth of damaged trees. For example, alterations to understory light after freezing rain and snow events will affect forest restoration [59] . In addition, the forest produces a large amount of litter after major weather events that interferes with soil nutrient cycling and the physical properties of the soil surface (e.g., a barrier effect owing to dead trees and broken branches on the soil surface) [60, 61] . Litter further affects the regrowth of damaged trees. In the future, studies of the effects of uncharacteristic amounts and types of litter associated with forest damaged should be implemented as well as investigations into the restoration of forest biodiversity. Such studies will provide the scientific basis for evaluating the degree of damage to the forest and for understanding natural restoration in a damaged forest.
